
SELECTIVE ESCAPE OF GASES *

by

Eo J_ Op]k

Armagh Observatory_ No_thern _re_and
_ncl

Techn_ca_ Repo;t No. 276

* Th_s research was supported by the Nationa| Aeronautic_ and Space Adminiat;'ation

Grant NsG 58_60.

I



SELECTIVE ESCAPE OF GASES*

II

Eo Jo Opik

A_'mag_ Ot:_e._vRt:;ry, No_ther_ Dcel_and

en_

Departmeq= of Ph°ys_c._ er_d A_Ir_c, mr'_5 U_et':_it'_ O_ Hab"y;_d_ U.S.Ao

Summary.

Formulae for gas-k_netic escape of r.eut:raX and io_ized gas from celestial

bodie_ are ,._etup, free from ,_:_Ja_ :._,imp'_if_c,a_c0_ a_d ap_:._icabBe _o the highest

rates, _t is _own that the i_ot_erm_l mode_ wit_ _ constant escape ],_fet_

becomes physical'iv mear, i_9]_,=; _.e,n t_ed_:mo_ph_etic ma$:_ exceed_ a cert_in_,

quite modest_ i imit _nd _:he e,x:osp,_eric ba_e ,di_appea._$; thi_ def_ne,_ an overa|_

upper |imi_ to tl_e ;ate of 9_,._,_,.,_ne;:ice_:_c_Fe f_'om a oody _f give_ mass; the

limit !_ rathe_ Io_. by c:._m)c ,_tc=.,_,_dso Ab_;_I_te upper _]mit_ to ;_-elective

e_cape _re ca_cu_ate_. A _o]ar _eb_a co_d not have !c,_,tby escape more than

]0 -:L8 .= _0 ®z_ of J,,Lp,iI:er'_ ma._ i_ _y,_roge.,_, _o? cou|d ,Jupiter's protop|a_et

ha_:e }ost very m_ch more° E$ca_.,e fro ,_p_ce car,n,ot account. F,),_the def_cWenc_ _

of hydroge_ in the atmo_p_ares of z.,_e, ,_,u_er p}ane__ otSer po$_cib]e proces_e:$

are considered_ snowing=out of hydrogen in a rotating flattened so_ar nebula may

account for the separation of hydrogen _rom he]ium. For the Earth_ the upper

limit of loss of hydrogen equa]_ o_e,-third of the _ater equivalent of the

oceans_ but the actua| _c,,_,_: _ determined by the oxidatio_ of the crust_ may

equal only l_ per cent of the oce,_.

The escape from Earth of a_ equivalent amount of hydrogen _ould require

condition_._ very different f_om tho_e prevailing no_ a suggestion is made to

this effect_ regarding possible intense voJcanic and plutonic activity on Earth

* Thi_ re._-e._-ch_,,_ -c_pFort-;_ b_? t_:,_ _i___r;__ Ae_o_a_tic_ a_d ,p_ce Administration

Grant N_G _-_.
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during the first undated )o_ x lO e years of the Earth's historyo For Venus_

a probable exospher_c temperature of about 7000°K is estimated_ without a cold

trap_ hydrogen may have escaped freely. However_ for a crust similar to the

terrestria]_ the amount of oxygen bound in oxidation can hardly be more than

corresponding to 400-800 metres of water_ the disappearance of water from Venus

would thus ind!cate a several times smaller initial store than on Eartho

Residual oxygen in t_e atmosphere could Eave disappeared through ionic escape°

At 7000°K the escape of 0 + during 4.5 x lO e years c,3u_d account for the

disappearance of t:e_ t_me,_ t_e terre_tria_ amount of free 02 even when i_h_bited

by _ magnetic field°

_ _ntroduct ion

Evidence has been accumulating for en excess of helium over hydrogen

in the atmospheres of the outer planets, The _umber ratio of He to H2 appears

II

to be of the order of 40 !n Jupiter (Op_k 1962 b)_ and 3 at least in Uranu_

and Nept,_ne (Herzberg _952)o T_e interior of J;piter being in al_ probability

composed mainly of solid hydr'ogen (Ramsay 19_) #eMarcas _9_ Wildt 196l)3

there arises a cosmogonic puzzle as to how t_e exces_ of helium in !ts

atmosphere may have come about (Urey !£_c))x in view of the excess of hydrogen

in cosmic mixtures which outnumbers helium in a ratio of about 7 to l

(Aller 19.5_)o An alternative of nitrogen_ instead of helium3 providing

the matrix of the atmospheres of the giant planets is unacceptable as_ in the

presemce of free hydrogen_ ]t either would have been a_l reduced to ammonia_ or

II

would have removed al_the hydrogen (Opik 1962 b)o Besides_ an excess of

nitrogen over hydrogen would even be more difficult to understand than an

excess of heliumo

There are_ of course_ so-called he!ium stars in whose atmospheres helium

is overabundant as compared to hydrogen_ these may represent remnants of
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exhausted _tellar cores in which the hydrogen ha_ burned to helium and whose

envelopes have blown off in a thermonuclear explosion. The sun i_ not such

a remnant_ and an explosion wou!d have c_rr!ed away the entire hydrogen=containing

envelope with all the other elernen_ inc%uding helium_ the helium abundance in

the outskirts of a sola_ nebula cannot have come about through such a cataclysm.

Causes other than thermonuc!e_r e×plo_ion_ must have worked _n producing the

peculiar composition of the atmospheres of the giant pl_Pets_ p ossibty_ some

of the helium stars may a%so have been i_f_uenced by sTm]lar causes_ without

the intervention of nuclear _eact:is:_.o

_t may appea_' that the p_e+eren::ia_ escape to space _ hydrogen_ as

a lighter gas_ could provide _ exp!_na_iO_o _t i_ _ho_n below tha_,

quantitativelys the explanatio_ doe_ net ho}d eve_ in the case of the most

favorable a_sumpt_o_So Ca_,-K!ne_ic e_cape_ a_ B _Ft:_¢_a_ ca_e of diffu$ion_

_s _ub]ect to severe iimit_tion_ owing to _he f!_i_:e col_i_io_ cros_,_section

of the molecules, and cannoZ _erve zo _emove in reasonable t_me _a_es of

planetary order. On;y superf_c_ changes> affect!ng the sma_! atmospheric

ma_ses of the terrestr_a_ pCane_x could have bee_ _!eved i_ such a manner.

The separation of hydrogen and helium in the cuter p,_a_ets mu_t be attributed

to some other process - most _ike]y to snowing=out of solid hydrogen 'in the

solar nebula_ whose flattened d!sc may hBve been kept at a temperature of some

OK when dust was _hielding so)at _adiation and star]!ght alone was ava#lable

II

(Opih _962b) o

Bn the following some a_pects of gas-kinetic escape, especia)ly its

quantitative limitations_ will be e_aminedo _n particular_ _t is shown that

oversimplifications of the isotherms! mode! which often are introduced may

grossly exaggerate the possibilities of e_cape.
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2. The _otherplat Model

Jeans (192_) proposed a model used also by Spitzer (1952)x namely that

of an isothermal atmosphere in diffusive equilibrium; it yields high rates of

absolute and selevtive escape_ and is well suited for obtaining upper=limit

values. Spitzer (1952) introduced certain simplifications, amounting to a

calculation of escape lifetime irrespective of the actual position of the

escape layer, valid however only for low rates of escape_ for marginal upper-

limit estimates the simplifications cannot be used. In this respect credit

must be given to Urey (19_9) who r ea|istical_y applied Jeans ° formula to the

actual escape layer_ however without allowing for its increased radius.

The equivalent of Jeans ° precise escape formula for a spherical surface

I1

of radius r (cm) can be written (Opik and Singer 196|) as

=B
F = 41Tr2NXu (1 + B) e (I)
r

molecules of species X escaping per _econd through the surface, with

i &

u = (kTi2_rm) 2= 3637(TII_) 2 (cm/sec). (2)

Here N is the total number density cm=3_ X is the relative abundance _ m the

mass_ p the relative molecular weight (0 = 16) of the particular molecular

species, k Bo|tzmann°s constantj T the temperature OK. B_ the escape parameterj is

given by

B = GMm/(rkT) = ms2/(2kT) = 6.013 x 10 TM _s2/T (3)

or

B = 8.023 x lO-le M#/(rT)_ (Sa)

it represents the ratio of gravitationa_ potential energy to the thermal
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energy kT per molecule° G = gravitational constantj M = mass inside spherical

surface r_ _ = escape velocity from r to inf_nity_ the mass outside r being

assumed to be reg]igib_e as compared to M_ as would correspond to a superficial

"atmospheric" layer° Equation (_) _efers !iteral!y to a certain "escape level"

from which molecules can move out to space unhindered. For a major light

constituent usually X = l_ on accourt of diffusion°

The mass escaping per unit time is

dM/d, = ,_, mF = ,= }066 × _0 _2_ _F o (4)

The actual escape effectively take_ place from an "exospheric base"

whose overlying mass load corresponds to the ga_-kinetic free length of path_

conveniently defined by

(5)O-_N = -
2

I,

(Opik and Singer 196_), wheu_e

O0

N = _r N =/ N dr.
(6)

For not=too-srn_l values of B

N = _ N (?)
r r

can be a_sumed_ w_th _ the mean scale heights being defined through

M k (8)
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g being the acceleration of g_avity at ro For oTder=of=magnitude calculations_

equations (7) _nd (8) can be _d d_n to B_|o For B" _,, H = r can be conven =

iently substituted° Th6 escape o_ m!nor constituents from the base of the

-_o_ from underneath At small values of B
exosphere must be _upplied by d_T_l_, o

and high rates of escape_ the _,_pp_v may become inadequate_ upsetting the

postulated diffu_ive equilibrEum a_d reducing NX at the exo_,pheric base_ as

well a5 the rate of escape as compared with that for diffusive equi!ibr_umo

By neglecting this "bottleneck ,of d_ff_ior" tee escape i_ overestimated_

this would suit o_r p_es,e_t p_t_o_e o F ott_!nirg uppe_ !!mitSo

)n the p_ese_t case_ however, we are c;,ncerned _lth the dep)etion of

major constituents (hydrogen)_, w_,ich may concentrate _o (00 per' cent _ear

the top while suff!cient)y abundant underneath° The bottleneck of diffusion

is irrelevant (n :_ch _ ca_e and eouat!on ()),def_e_: the e_c_p_ f_ux witho{(t

exaggeration° _n what fo_!ow_ next:, fo_ the e_ca_ing major con_t!tuent we may

set X = 1_ NX = N_ Q' = H_ B = B) m = m i_ equat_o_ (_) and (9) = (8).

!n diffusive eqgi)ibr'ium the Bo_tzma_ thermodynamic formula ho|ds_

or

Nz/N_ = e

N = N eB (ga)

o )

where N is the equilibrium density )=in infinity"> a somewhat vague effective
o

quantity. _n a real ca,se, NO must be sma)l,

Substituting (ga)!nt:o equat]on ())_ the exponential factors cancel out=

With B usually of the order of I0 or more_ according to equation (8) the

scale height is _mall as compared to the rad_us_ the atmosphere is comprised

within a relative)y narro_ _heet, r varies ]!ttle_ and F r is approximately

constant whatever level and number den_!ty i_ a_sumed in equation (1)o The

M_



equatlo_ .an.plied to aM a,_b_tr_v ?eve] fo_ which the i_otherma_ and diffusive

equilibrium a_._mptio_ ho!_ _ '?ie)d the cor!'ect va)ue of the e_cape f]ux3

a|though the _eve! ma_' no%: be _.he e_o_.r_eric b_._e _,._ mB ! be_ place_ $._mewhere

deep u_derneatn. Spitzer ('_95_) _o negiected the unity term_ _.rr_] as

compared to B i_ t_e b_acket:_, o#: eqdatio_ (l) aR_ ar[-"ived tbu_ at a_ elegant

formula for the l_fe/_t_me of a g_ e_cap!ng from =above a ce_t_i_ _eve}_
_J

!_dependent of its numbe_ de_sity_ N_ ._t th_ bot.tom 3eve_o Spitzer_s

formu]a has been widely usea w!tho_t rea;n:_!_g ,ts ec%ue! _mi_at!o_o

Thus_ it may _eem t_t, by aF.p!y!_ 9 C_.C:t_e_ f3rmu_ o_ its more

prec!:se equ_v.e_ent_ eq.J_t!c,n (i)_ tc _z :_rb tF_ry ,_/.ot_erm_ !'eve'_at _,_ T_

and B constant, _he e:_.cape fiux m_y be made ._rb!tr_riiy _a_ge by _!mp_y

increas!_ 9 t_e g_ den_!ty_ N, at thi:_ _eve_. Thi_ _av be forma_y correct.,

but _ould_ in _ne !n:_t_hce=,, r'equ_re :$t-,:c_ures wh!c_ c_nnot exist in the

re_1 u_ _verL_eo

Whe_ N = N_ i._ i_crea_ed a_: _ give-}eve]_ accordi_ 9 t._ equation (9)

the den_:!ty _cre,ase_ i_ the same p_'.oport,on at. a!! other _e_e_ a_ a

re_t_ the exospheric ba_e i_ ,)hieted oJ_a_de, r !ncre_se_ end B at the

base decrease$_ When B_ _ H_r, equati_ (_) reduces to _rN = _ yet_

I

when _-e_o_ N-_N ° = consto accord]_ 9 to eq_at!o_ (ga)_ and cFrN-->m_ not _ o

Condit_oR (_) can be fulfilled only up to a certain maximum value of Nz,

above which no exo_phe?ic ba_e can e×ist_ the _tmosphere merges into the

medium and e_cape i_ replaced by di#fusiOno Spitzer_ formu|a for the escape

lifetime ca_ be valid on]y to a certain upper ]imit of the gas den_;ity_ N_

or the escape f_ux., F o On the other hand_ when escape _ increased by

decreasin 9 B._ at B _ _._ the atmosphere b_ows off and gas=k_etic e_cape

cannot, take p_ace [_ee be!ow_ cond_tio_ (]_)].
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An isothermal gas sphere has, theoretically, infinite mass and cannot,

therefore, stretch out isotherma;ly to infinity_ however, an isothermal structure,

as a working approximation_ is acceptable when its density somewhere merges

into the interstellar or interplanetary background=

The limitation of escape flux becomes obvious when equation (ga) is

substituted into (_) (X = _)_

Fr = _r2NoU(1 * B)_ (lO)

with a reasonable upper limit to NO , the escape loss is limited and cannot

be arbitrarily increased. We may set_ as a condition of the static existence_

N << N , (11)
0 S

where N is the interstellar (for a solar nebula) or interplanetary gas
s

density (for planets or protoplanets). At thTs conditionj N as defined by

equation (ga) may become equal to Ns at a certain finite value of B• O, or

a finite distance, rendering possible a smooth fit of atmosphere to medium.

On the other handj the mere existence of an exospheric base and of the

process of gas-kinetic escape requires

N>7 N (lla)
S

at the base. Without this condition, the boundary of the gas sphere loses

its identity_ it would merge into the surrounding medium, diffusion and

hydrodynamic flow becoming the means of exchange of matter, instead of

escape. 9



3. Selective Escape.

When conditio_ (]!) !_ vio_etedx the postulated _sotherma| gas structure

in hydrostatic equi]!brium cannot e_.isto The interstellar or (nterp|anetary gas

density being lower than _eq_ir'ed by W_otherma] equilibrium with the gas

spherej there wi]_ be e_ e×.ce_s of p_essure a_d the gas from the top of the

sphere wi|_ rush into the surrounding vacuum° Two extreme cases may be distinguished

schematica_]y when

N N o (12)
0

(a) _rma! e.×__On_iO_o When the supp]v of energy is sufficient to

keep the streaming a_d e×_and_ng ga_ at e_ is,thermal !eve_ _t wil| stream

out into the surro_dlng spece_ the time scale of dlffusive separat!on of

the gaseous con_ituen_ be!ng !_ge a_ com_._red to tn_t o_ hydrodynamic

f!ow_ no separat_o_ take_ p_ace and the mate_!a! i_ _ost to space non =

se]ective]y, by streaming _nd not by ga_-k]_etic escape.

(b) Adiabatic exDansio_o Whe_ the suppi! of e_ergy is neg]ig_b]e_

isothermacy cannot be mai_g!ned and an essentia])y adiabat!c state sets

in. Equation (9) is no longer va!id. Unless the thermal energy is too

high, the sphere mainta!ns finite dimensions. D_ffusion is superseded by

mixing_ and the composition of the gas is uniform throughout the atmospheric

layer. Differentia] or selective e_cape take_ p!ace_ the loss of each

component being given by equations (]) - (_) when r is the radius of the

exospheric |evel_ T its actual temperature_ and NX the exospheric density

of the particular component. Contrary to the isothermal model_ no sub-

stitution by other levels is admissible. Equations (_) - (8) remain valid

when _N and N refer to the _am of a_l components_ and _ = _, m = _, _ = _
r

10
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B ='B [calculated from equation (3) with I_= "_] are average values for the gas

mixture.

The thermal energy of gas=kinetic translational motion equals Io5 kT

"II

per molecule_ if this exceeds the gravitational energy, or when, according

to equation (3)_ for the gas mixture

the top of the atmosphere b;ows off_ the loss of gas may then be almost

arbitrarily high but indiscrimlnate as to species. An overall condition

for the possibility of selective escape_ equally applica61e to the adiabatic and

the isothermal cases_ is thus

i> o (13)

For the isotherma] casej thi_ may be superseded by condition (11)

which_ in conjunction with equation (9a)_ yields the condition for selective

escape as

3> n(N/Ns) , (14)

valid when

N//Ns_> 4°7

otherwise condition (13) holds as the overriding one.

The rate of escape generally increases with decreasing B) thereforej

equations (19) and (14) also define the maximum possible rates of selective

I!
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escape= These rete_ are to be calculated from equation (l) as applied to the

actual escape ]eve_, or the base of the e_o_,phere, without substitution=

Whe_ co_dit'ion (_I) _s fulfilled, t_e isothermal case with diffusive

equilibrium can be a_umed as e ba$i_ when not_ the adiabatic mode_ with

uniform composit_o_ !_ to be prefer:'edo

4o Rate of__elective e__capeo

A combinatio_ of equat_on_ (_)_ (7)_ and (8)yields for the escape

level or exospher_c base a total number den_!ty

Equatio_ (i_), however_ break_ down at sma_l venues of _when B/_i_ an

effective value of "B = _ should be used° B i_e_f i_ a fu_ct_o_ of r_

whe_ the d!stributio_ of density with a_t_tude_ N = f(r), is k_o_, the

po_itio_ of the e_cape ]eve_ is found f_om (_) b_ trial and er_OFo B_

practice_ guesswork is inevitab]e_m_ti_g T/_ !n equation (2) w_th

the aid of (_a), we h_ve also

u = _o030 x ]0 B) 8

Substituting equatiops (15) and (16) into (|), we obtain a genera]

expressio_ for the selective escape flux, when u_iversal constants ere

numerica%Iy eva_uated, as fo:!]ow_c

]L

F = 6o_7L_ x !O TM X(FM) _ "B B-_(l + B)e-B/c_ - o
X

With _ = !o8 x 'iO ®_s c_ as for' typical gas-kinetic collisions of

not too h(gn energy ihydroge_ et ema_] m_]tiple of rrJ_)m temperatures),

12



s2 = 2G_/: (_8)

or

l I

s = e(2G/M_)2 = 3o6_3x _0_* (M/t)a (_9)

as the escape velocity for _e'_i_I_l _o!ecu!e_, and the tota_ rate of mass loss

t_oug_ escape of the compo_e_ x being

x

(20/

(9/sec)_ the relative _rate of _l_I_ of mass, expressed in units of _ the

total ma$_ of the gaseous _.phere) i_ red_ced to

M d[
;z _ B'_. (1 + B) e_B (_ec-Z), (21)

. . . iS _nserted intow_en in equatio_ (171) Mr !s _ubst{t_ted from (_9) and Fx

(20)o For B_ _,,. B = w should be _ed _ t_e be_.t approximation, whereas for

B _ts actuai value _V:._ be t:_k.er e've_ w_e_.-:ma!!o The _,a_ues of s, B and B

should correspond to the actual base of the exosphereo Except for dimensionless

parameters, the fractional rate of mass ]os_ is inverse|y proportiena] to s,

the escape velocity (cm/sec) from the base of the exosphereo This remarkable

formula is qu_te general, _he only {.omewhat inaccurate parameter used being

_, the co_is_ona! cros._ section .of the gas _eca)es. The numerical factor

in equatioo (2]) is inverse!y proportiona! to _o On the o_her hand_ _n
B

isothermal equilibrium the exospheric density N'vC) "'_V e for a 9ive_

atmospheric mas_ distrib_Jtloq, :_,o that the product e is constant, and

the actual rate of e:_cape little depends onO-o

13
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_= Jonl,q escape°

The formulae for _onic escape can be derived from the preceding formu]ae

for escape of neutral gas_ a_though in actua_ cases the definition of the

escape parameters (N_B_T) _s |e_ unambiguous, On account of electrostatic

fields caused by the diffusWo_ of electrons_ the weight of the ions is

reduced = to one=half of ful_ gravity when only one ionic specie_ _s present_

and in different proportions when several species occur, The values of B

are reduced in the same proportion as gravity is decreasedy !n comparison to

those of equat]on_, (3) and (3a)o Whep two _o_c coalponents are pre_ent who_e

number densities are yNe ,and (l=,¥)_e_ N being the e_ectron de_$1ty_ and whose
e

relative molecular weight5 are _z and _Je_ respectively, their escape para =

meters are given by

and

(22)

(23)

II

"(Opik 1962a), where BI> B2 are the values for the neutrals_ howeyer_ in the

I!

case of negative values of Bnz or B 2j zero must be assumed, The ionic

average of B is

B. = _ _ o (2_)
!

The Coulomb co1]ision cross section of ions s_rong|y depends on velocity_

so that a straight average value cannot be used_ unlike neutral molecules, A]so_

the escaping ions belong to the high-velocity tai} of the Maxwe!)ian distribution

and have thus smaller cross _ections than the average thermal {onso Their
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]
ave,_age kinetic energy at the escape base is approximately (5 _ + !o_) kT,

corresponding to an effectIve temperature of

T i = (1 +_) T o (2_)

I|

Hence their collisional cross section for Coulomb interactions (Opik and Singer.

1961) can be set equal to

[ I B)TJ "_O-c = 2°25_ !0TM (i + ° 1ogzo(1 + 10eT3/Ne)(C_)o (26)

_f z is the degree of ionization_ or the ratio of electron density to

total number densityj the effective collis_onal cr'o_ section becomes

= z%+ (_ - z)% , (27)

withw = !o8 x ]0 -zs cm2o
n

With respect to the effective sca_e height the actua) situation for

ions is rather complicatedo Nercertheless_ for the upper portion of the

ionosphere equations (1_) and (16) may be assumed to remain valid, with

= B. as an average of equations (22) and (23), usual|y c!ose to expression (2_),

X = y for the "first" component and _ defined through equation (27)° Equation

(21) as adapted to ionic escape in the absence of a magnetic field then transforms

into

dM.

1 ,__L 2o18 x 10 =xe i_ iH dt ,#

(28)

Bi B®:I/_ o (1 + Bi)e ®Bi (l=z+z(T'J_n)_z(sec=z),

valid for the actual ionic escape base) z r'_l is expected there to be valid_

1S



whence-B, as for ions a?,oqe is assumed. For the ca_cu;_ation of the ratio

(Tc/O_n, equation (12--6) can be used but _'!th a different numerica_ factor_ equal

to 1o2,_ .x 109; B = Bz _$ defi_ed by equat_or_ (22_; this_ and B, are as for

ionized gas, whi/te B and _ rema_ as for neutra| gas_ a|_I at the escape ]eve]

of the ions_ or at the base of the ,or_ - exo_p_ere.

_t may be difficult to def!ne the position of the ionic escape |eve_

observationa| data fo_ the Earth_ relating to the di_tributio_ of e_ectron

density with altitude3 are not: dir'ectl,y app]!cab|e a_ they are governed by

the geomagnetic fie_do Gepe_:_,'v itl c.aF_be ._med t_at the _on_¢ escape

base is placed we'i] out ir_ ,_p_ceL, above the e:_cal_e _eve_ for _eutra_ ga_o

This qua] itative feature_ ho_ever_ i._._.s,_ffic.ie_to _f _ot_ermacv more or

|es5 ho|ds between the two _evels, a._ aq approxirF_t_on we may u;_e the Jeans-,

_B
Spitzer compensat!o_ of the N _nd e factor_ !R equatio_ (l_ XNe -B = co._.=.t.o_

and apply the io_ic escape _,.)_mu]a xo the b_._e of the neut,a_ exo._phere: ,_ith_ut

. _,t, ¢o_"cecr:_ 9 factor_ for the non-compensatedregard to the value of: g'_ _ "

variables _ and (_ + B_ _hic;h m,:_st refeF _:o the _ct_i ior0ic e,scape /_eve].

tn the absence of _ mag_etic Fie!d, the ;on!_c e_c-ope i'l_:x ':her_ _o_ov_$ ¢?om

equation (_) as

= " 2.1e× !0 B [( i/ro) +Bi(r /ro

with X_ being the ex_rapo!ated abundance of the ion at the neutra! escape level_

calculated o_ the assumptio_ of i_othermal equil_brium Eequatio_ (9)--_from a

give_ density N, at the !onic ba_e_ s is that foc neutra] ga_ B for meutral

gas oF species i_ B_ for the ioRized species _sual)y B I = ½ B for the major

const_tuent_ _ee equation (22)_ _ and B !s the average for neutral gas onty_

al_ the parameters r'efe_ring to the _eutra_ e_cape level_ r and r. are the
" _ 0 !

radii of the neutral and _o_ic e_cape ]eve]_o T_ere i_ some minor _ncertaintV

IG
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in the ratio ri/r ° as depending on the actual position of the ionic escape base_

®B i
but it is much _e_ troublesome than the uncertainty in 0 _ and e which

C

affects equation (28)° 'The m_j.or u_certainty rests with X_, the extrapolated

effective ienic abundance_ from ter_est_ia! experience, Xo,V Ool for electron
• I

density_ in suc_ a case by setting X, = %_ equation (28a) is expected to lead

to an overestimate of t_e escape r_te by _n o_der of magnitude_ however_ theoretically

there is no limit to Xo which may even exceed unity°

Equations (28) and (28a) presume the absence of a magnetic field° _n a

magnetic dipole f;e_d io_!c e_c._pe ca_ take place only from near the magnetic

pole_, from where t_e _r_e_of force reach fBr enough into _pace> to be lo_t in

the interplanetary or interste_1_r f_e_do Fo: the earth this happen_ at about

l_ earth radi!_ implyi_g ]!_e_. of force starting st geomagnetic latitude _o

or' higher_ the area of escape i_ then 0o0_ of the totBl. By a_a|ogy_ we ,may assume that

in the presence oF _ magnet!c fie]d_ the io_!c e_cape rate i_ decreased ro_gh!y

by a factor of 25_ a_ compared _itD the values g!veR by equations (28) and (28_)o

6. Some____Ap_£1icat{OnSo

For a spherical _ebu_a of $o_r ma_ the minimum hea_ f]ux can be a_sumed

equa! to that of the present solar output plus starlight, which wou]d be correct

at a stage when the s_n had already formed by gravitational cont;action (within

about lO_ years)_ leaving a re_idua_ nebula behind. The nebula:_ prevented from

falling into the sun by it_ orig!nal or acquired angular mome_tum_ would

ultimately assume a flattened shape, the matrix for planet formation° For

order-of-magnitude e_timates of escape_ a spherical model is still admissible_

at a_ early stage, when s]s sma)! and the escape is greated _cf. equation (2l)J_

it will, indeed_ be practically _pher!ca!. The surface temperatures are a)ways

_o )ow that no s_gnifica_t i¢_ization can occur (H_ region)> so that the

I7
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equations for neutral gas alone will be used.

The radiative equilibrium temperature at the exospheric base ca_ be cal-

culated on the b_ack body model; the presence of dust ensures the possibility

of this procedure. With _)O°K as the present photospheric temperature_ and a

radius of 1/215 a.Uo of the sun, and 3.66°K as the black body equi|ibrium tem =

perature for starlight plus cosmic rays (7 x 10 TM erg/cm 2 sec from starlight,

3 x lO TM from cosmic rays)_ the equilibrium temperature at a radius of A a.u. is

T = (2,4 x _0_° A=2 + 180)_ (°K). (29)

The escape velocit ! equals

s = 4.22 x _0e A"_ (cm/sec),
( _ IO )

and_ from equation (3)_

B = 1.075 × 10 s _(AT) =I • (3_)

With

r = 1.5 x lOIs A (cm) , (32)

0"= 1.8 x lO-]'5 cm_ and equation (15) ,

N = ].99 x 706 _ (A2T) -I (total) , (33)

when

N = XN , (3_.)
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and subject to the ]imitat!on (l_e)o According to this_ the number density at the

exospheric ba_e must exceed that of the interste|_ar medium ,

N >7 N N I cmTM o (35)
S

With X = ! a_ an upper iimit_= B, or for' escape of only one pure com-

potent - molecular hydrogenj _ = 2 = Tabte 1 has been calculated, according to

equations (29) = (33) and (2_1. Condition (11) i_ aiway_ _lf_lled_ so that the

TABLE ,_

E#cape of moleculaF hydroqe_ from a nebula of _(M) and luminosity

! dMH Z_ . L_M

NX _A T $ B = B N = _ _ d="_- M _ M in

aoUo deg K 10_ cm/_ec cm,_ sec =l !!0s year:_ 4,5xI0 e years

10 124 13o3 !74 321 _0_e4 4xI0 =_e 2×10=77

!00 39.4 4°22 54.5 10.2 8xI0 =4_ 2x_O _2_ !xlO.25 "

400 19o7 2o_! 27.3 !o28 5xI0 ='31 !.4_0=15 7xI0 =_

1000 12.4 Io33 17o4 0._2 7x10 -_ 2xI0 =_z IxiO TM

isothermal mode! is con_istento As to condition (35), it is violated in the

last two lines of the table_ for A = 400 and 1000_' for these, the nebula

loses its exo_pher_c _dentity and the concept of gas=kinetic escape does

not hold_ exchange with the surrounding medium proceeds by way of diffusion_

a very inefficient process, too (Opik 1962b)# and# instead of loss, there wi11

be gain by accretiO.mo

The last two columns of the table give the total re!ative loss by escape_

Z_/_ over periods of time which are allegedly much longer than the time of

19
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existence of the nebula. These losses are negligible even compared to the

mass of the gaseou_ outer envelope of Jupiter which is of the o_der of ]0 TM solar

|1

mass (De Marcu_ 19_)3_ Opik 1962b). At A = 200 which is an upper lim|t for the

e×o_pheric mode!_ _/M,-vlO =2° or about !0 TM of Jupiter's atmosphere. Clearly_

no _ignif_cant separation of the gaseous constituents in the outer portions

of the _o_ar nebula could have taken place according to thi_ _de|o

With other sources of heat!ng s_pport_c9 a higher temperature_ the

escape may be i_crea_ed. With B = B = !.5 according to cond_t_c,n (13) as the

extr'eme lower _!m_t for diffet'ential escape without the top "blowing off"_

T = _.43 x l05 A_z , (36)

N _ 28 A"_ (37)

and from equat_ori (2]) with X = 1_ p = 2_ 6 = 1.5;.

I dM 2.____9_x _0 =xe
M dt - • ' (38)

Table 2 has been c!aculated. L is the luminosity of the modely

L = (T//TI)4 , (39)

TABLE 2

Extreme upper limit of selective 19ss of molecular hydroqen from a nebula of

_so_ar mass, at B = B = l o_

A T s N=N N ! dMH L t 6MM
x o M dt sofar upper upper'

a.u. deg K ]05 cm/sec cm ®3 cm TM !O=_sec =z units limit sec limit

10 14300 13.3 2.8 0.62 2.24 1.8xlO s 6x10 ? 1.3x!0 TM

25 5720 8.44 1.12 0.29 3.53 1.1xlO? 9xlOe 3 xlO=z_

iO0 i430 4.22 0.28 0°062 7.05 _.8x] Oe 6xlOe 4xlO-'_

2O
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where '_1 is the temperatu_'e ¢orrespo_d!ng to _o)ar tum_no=_ty and defined thFough

equatio_ (29)° With_,_t defi_g tee ex:traocd:i_acy source of heating (one

sdggestio_ may be a _earby hot _t_r_ or a 5_pernova e×plo$_o_)_ the total

energy expended mu$_ be _meh_w _;mit_d_ arb_t_)'y, we a_$_me a_ upper

_imit equa_ to the s_ radiation d,_g 3 _' 108 yea_ or _0 z_ sec_ whence

a reasonable upper limit to the du_at)op of excessive heating (quite artificla))y

assumed to have somehow s_aved at the llmi_ of B = lo)_ _ot overstepping it)

is set by

_ !O_/L (see) o (kO)

)n such a manner_ overall upper limi_ to the selective loss of hydrogen

are found as give_ i_ t_e )_ c_!u_ of Tl_!e 2,, T_ese _e h!g_e, tha_ tho_e

of Table ), b_t are _t!)_ neg!!g!b!y _m_,

Thus, select!re e_cape at any _ge of evo]uZ_o_ of t_e solar nebu)a is

_tterIy inadequate to _ccount fo_ t_e _carcWty of _vd_ogeR _ the outer envelopes

of the planets° Bt mlght _eem t_t _Futte_ng by t:he impact of interstel)ar

gas_ or "interstellar wind" could co_tribute to the !oss of hydrogen from the

outsk!rts of the so!at nebula° However_ the impinging interstellar atoms and

molecules wil! k_ck most of the nebular _)ecdie$ inward_ and wi_l themselves

be trapped in the deeper _ayer_ to wh!ch they penetrate_ on account of their

high ve]ocity (about 20 km/_ec a_ _he presept trans]atiopal velocity of the sun

relative to i_ter_tel_ar gas)°

_t can be estimated that_ for each ten impinging interstellar atoms there

may be o_]y one elected hydFoge_: mo]ec_)e (o_ly ,one i_ the exosphere with sufficient

velocity to escape_ but mostly directed inwards or at a sma_l angle to the

horizon and trapped by subsequent col)i_io_)o There w_]) be accFetion, instead

of loss.

21



if the incoming _nter_te1_ar ga_ belonged to an H _ regDo_ with !ts

hyd_oge_ ionized b_t he_ium pot_ a magnetic field of the o_de._ of !0"_ gau_

could _ave tug'ned _he hvdroge_ back, lettWng ne_tra_ helium th_ougho At

A = iO0 aouo (TabYe l)and 0o_ cm TM a_ the helium density_ w_th 20 _kmi_.ec as the

ve!oc!ty of the _t.ream; the preferential influx, of helium captured by the cross

section of the nebula would have amounted to 6 × 10_ g/sec or 0 x 10"6 solar

mas:_ in !OB years° This is of the order of Jupiter's outer envelope° However x

it !s improbable that the residual solar nebula_ aFte_ the giant planets had

fo_'med (the _ _nterior_ are not deficient ;n hvd.ogen ) co,_d have rem_,_ed

at A = lO0 for I0B years° Most likely_ the p_a_ets were a3readv in the!r

pre_ent position_, at: about A = lO aouo_ and the s._eep_ng t_r_e for removing

the remnants of the nebula from between the p!anet_ _as of the o_der of !ass

II

tha_ _ × lO5 years (Opik 196_b)_ this would make the pos_!b_y accreted helium

mas:s 3ma_]er by a factor of _05 ,.i__ about _0.%0 so]at _. which i_ _gain

neg1_gibleo

The mo_t probable proce_ which !ed to the format!on of the he_ium=r'ich

ar:mosphere_ of the g!ant p]anet_ on _op of their' _o]!d hydrogen main b.odie_.

appears to con_is_ in snowing=,out of hydrogen from an extremely cold (4°K)

flattened nebular disc; hydrogen snow may have then led to the formatEon of

II

t_e n_in bodie_ which later collected the helium gas left behind (Opik; 1962b)o

Our estimates of the rate of selective escape have been based on a

:_phe_(cal]y svrnrnetrical model of the nebula° A more comp1_cated discussion of

selective escape from a rotat;ng f]attened nebular disc leads numerically to

II

the same conclus_on_ _hat is_ of the inadequacy of escape (Opik 1962b)o The

conc!u_ion )s qu!te general_ it main!y depends on the gas-kinetic and thermodynamic

propertie_ of the gases_ and very ]ittle is influenced by the macroscopic deta_]s

of the gaseou_ models of astronomical d_mens!ons to which the theory i_ applied.

22
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(b) Jup!ter- an over_!! upper !imit to selective escape°

According to equation {_, fo r an overa|_ upper. _imlt_ of escape s and B

must be given their !owe_st possible va_ueso Rrom equ.at_o_ (3) it a_$o fo}_ows

that

N B T ,

whence, f:,om equation (2!), when X = ] a_d B = B ,

_ !_'_ (_ + B_ e
M dt ....

paradoxical}y, at given B the !owe_.t exo_phe_ic temperature yields the h!ghest

rate of escape° According to equal,.on (3_), for a constant mass thi_ _equires

a _x!mum po_;sib!e exo:_pheric radiu_

,,-_ (BTI '_I (&2)

With the presemt p_anets (except Mars and Mercury), there is little f_'eedom

in the choKce of r which canno_ much e_.ceed the radius of the p]aneto Only in

a hypothetical gaseous pro_oplanetary stage !which may Rot have taken p!ace at

a|_)_ a large value o_ _, with simultaneously low values of B, T, and _ can be

postu]etedo

A_sum!_ 9 as minimum va_ue T = IO0°K at the surface of the protoplanet,

and s = ]o! × _0m cmj_ec as a miqimum for _his temperature, fo_ _ = 2, B = ]o_

according to equat:_o_ (_)_ equ_io_ (_8_ yields

-- - <:,3 x !0 -21dt _ec__
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Thi$3 artifica|_y conceived protoplanetary stage could not have lasted

very longj certain_y much _e_s then lOe years or 3 x lOz5 sec. Hence_ through

escape from the imaginary inflated ga_be_]_ the selective loss of hydrogen could

not have exceeded ]0TM of the mass of the planet or_ in the case of Jupiter>

I per cent of _ts atmosphere.

The radius of the Jupiter protop_anet_ corresponding to s = 1.1 km/sec_

would have been about 3000 Jupiter radii or _.4 astronomical units_ far out of

JupiterOs present sate|]ire sy_temo Both the m]ze, and the lifetime of this

fantastic 9asba]] cannot have been as large as supposed. It is safe to state

that Jupiter never could have ]o_t more than one=mi|l]onth of its mass through

se;ective escape of hydrogen,

During the present p_a_etary stage, with p = ], T/_ ]04 °Kj s > _ x 10e cm/sec_

B> _ as for atomic hydrogen in Jup_ter°s exospherej equation (21) yie]ds

! dMH
-_< 8 x _0=2_ sec z

dt

or_ for t = ].4 x ]0I? sec as the age of the solar system_ _/M (- ]0=_° .

This _s very sma]_ as compared with the upper |imit for the protoplanetary

I _ T IO4,stage. For completely ionized hydrogen_ y = 12 z = Ij B I = _ = 7._ at --

Ne _ !Oe cm'_ °_c = lO-_ cm_ according to equation (26), O'c/_ = _, equation (28)

yields an upper limit to ionic escape of hydrogen from Jupiter equal to 180 times

the limit for neutra_ hydrogen_ or

-._5ec

Bn I o_ x _0z'_ second_ this gives

Z_j//M__< 2 x 10''e



thus ,_._'i1_ negl_gib!e_ especie!!_ _he_ it i:_ co_s!dered that: Jupiter°s magnetic

f ie_d wou)d cut it down to _. figure <,'f about 8 _. _O=Z°_ the same ,order as for

neu_ra_ e_=caoe o

Considering _:hat r._,e _emperat_re ,)f 3_pi_er_,_ e._o_phere t$ _Jndoubted_y very

much 1.ower than !O _ °K_ t:_e e=,t!'_ates a"e gro_y exaggera*ed_ the pre, sent rate

of escape from Jupiter be_rg prac_ica_iy n!lo

_t: i_ genera!_ believed., --'_ _ good reason, that the terrestrial p!_et_

accre_ion_ it ha_ b_,: ,_:+' !r,di._cr!m_.ate_y a-'_. _.c-_.._: ,e'-,_ ._ be!_g to_ ho_

- _ " _. olr both°(B _/. 'ion) or too de._.e (No>_, N ._

What atmosphere these p_anets ow_ now has been ap.pareot_y re!eased from

the inter_o_ w_ere _t _ad bee_ occ!_ded _n the ._.:':_!d ,:.r:._." or _-.,_d magma°

We are here oriy _qtere_;ted _ the mat:era,e! __aece. _ _,_ me.ior atmospheric

constituent.So Of th, e_:e, 3_ Earth oE]y hyd:oge_: h_- bee#, _qd :._ T:! is escap!_.g_

the othe_ constit_ent_ (O_ N _, bei_.a bo,_ed fi_m!v (!!e_ge Fj ,,_ 'i',L,;: ) o

/

H2O -> OH + H _ 0 _- H + # (a) a_d H2O-_ H2 + 0 tb)_

_!n Feact. ior. (b)_ the mo_ecu_ar hydrogen is hard to break u£_ a_ it requires

at ]east ]4o. n the strong a0._orptio_ regio_; however, it: e)]! not accumulate

in_efi_ite'!y, but wit'_ recomb!_e to water giving _eaction (a) a second chance°

Thi:._ _atter takes place at _o_er e_er'g!e:_ i_tense:_y i# the ultr.avio_,et reg.lon shorter

0

tha_ _8.50 A where enough photons are available to m_tc.h any reasonable escape rates°

The e_c.epiqg hydroge_ _i!_ thus a_ways be available i_ atomic and not in molecular

fo r,m,.o

After the fir._t cataclysmic accretiom ._nd original. _o_.._ of the p,roto-.atmosp.here_

it. c:a_ be a_sume.'J that present-.day e×o_phe_'ic condit!on__ more or _ess prevai!edo
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With r = 7 x IOB cm, _ _ )°05 x )0B c_/_ec as for the escape level_

p.= | as for atomlc hydrogen_ X = I as for a major light constituent (val_d even

now3 when H has become a miaor constitueRt of the atmosphere)j equation (21) ylelds

rates of escape as in T_ble 3_ w_th the other data furnished by equations ())>

(15) = 1.8 x !0 and (9a)o

TAB_6 LE_ 

T N=N

oK _3x
cm

i_oo 4.45 _o78x_O _

2000 3.34 lo34_ !o_

2_o 2.67 _.O7xl!Oa

Plaximum rate#_ of e_}sC_ neutral at,om_c hydroqen from Earth

M dt irt4o_xiO B years
c_ "3 ,_ec_1

2,,lrxlO 4 2o8X10 ®2a J4.0xlO TM

4o7X_0 4 5o8xi0 _2s 8.1x_O'e

7o3XI0 4 8.6x_0 "2s _o2x]O TM

The Fesults are _ot very _e_itive 11:otemper_dreo With eR_/reasonab]e

vaI_e of i_terp]a_etaFy density (N _ ]00 cm®_), N >> N _n the table and.
3 0 $

the {sotherma_ modei _a!l_. The e_cape proceeds adiaba*_ically., with exospheric

II

density varying more or less inversely as _he square of the distance (Opik and

Singer _96]).

For ionized hydrogem a_d for T = 2000 ° K as a middle value (Table 3),

8 = I_"= 3._4_ B = 2 B = )o67,._i = I_ s = Io05 x lO_; with ro/r = 2 as for
i ' ! 0

an e,!evated iono-,exospherlc ba_e (at r_ Iob,x ]0B cm) and for Xo = Ool equation

(28a) yields a rate o+

1 _ ]O_2S z®-_ = _o2 x sec _dt

without magnetic f_eld_ almost equal to that of neutral escape_ but only
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when a reductlon factor of 0o0_ is applied_ to allow for inhibition of escape by

the geomagnetic f!e_do Thi_ i:s _ma_3 as compared to the neutral escape rate

and can be neglected.

The terrestrial oceans account for 2°3 x 10=4 of the mass of the Earth_

of this3 2°6 x lO- s is hydrogen° Acco_'ding to Table 3_ the upper lim!t of

escape of hydrogen_ at _ = 2000°j !_ o_e_thi_d of the pre_ent _tore. @t appear_

that actua_ escape of hydrogen_ we]_ below the upper limit could _ot have depleted
)

the terrestrial oceans to any considerable degree°

Part of tee loss of hydrogen is compensated by protons of the "solar wind".

Because of their hKgh energy_ they penetrate deep be;ow the exosphere and compete with

gePuine terrestr!a_ hydrogen i_ dtffus!Rg outwards° An influx at normal incidence

= II

of lO9 am TM sac i (Opik !962b) wou!d .'i_|d hydrogen equal to 5.0 x I0 TM of the

Eaf th_s mass during )o4 x )017 secondso Ova; the major part of the Earth's Eistory_

_he actua! loss must have been impeded by the ';bottleneck" of diffusion_ and by

the "co_d trap" of the upper atmosphe_e_ as it is _o_ for thi_ presently a minor

constituent (Cfo Urey 19_9)o On the other hand_ the supply of ultra-violet

quanta t'equired for breaking_up t_e water molecule exceeds by an order of

magnitude or two the requirements of max(mum escape and _s not much of a limlting

factor.

While hydrogen escapes_ the ot_er constituent of water_ oxygen_ cannot

escape to any not!ceable amount and i_ ]eft behind. _t may be that some of the

free oxygen of our atmosphere is part|y due to the escape of hydrogen_ although

i_ appears to be chiefly produced from CO_ by photosynthesis of the pla_s.

_t accounts for 1.8 x lO=? of _he Earth's mass corresponding to 2°0 x lO"?

2?
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water eq,;!_a_ent_ at 1_ea_t _ per cent ._.f!!__i_/.matched by car-_n deposWt.ed

tsar _|] the free o:_:yge_ _:. _cc3ur ...... T o ,

peg_igible amount a:s compared _o the uppe._ l!mwt of }o_$ through dis.soci_ti_n of

water and e_c_e,_ _s hyd_.gger_ eq,_i_-_'ie_ i:_.o._'_y2o_ x ]0-8, _,. o_e otde_ of

mag, itude le_.s z,han even t._e c.ort,,_bu_!o, from _,:,_a._w_do Considering t_at _he

so_ar_w_nd co_t.t_b_t'!om must have e:_caFed c_:_F_ete3y (otherwise __ydrogen i_:

excess of oxyge._ wou_ld ha_e. acc_m_l_,ted)., i lower _mit to the _oss :._fnydr,oge_ by

,iqmAccordin 9 Eo cre# (_ ....g), tFe w'ate_ eq_L._._enlt _# o.,;yge_ _requ_ed "*o

account fo_ t_e oxidation _ c_,Do_.. r.'._roger, _p_u,,. .. _d fe_rou:_ _ro_ #_,3.m

their low va)ue state_, a_ _e'_ a_e ob_e!'v_c_ 1;_. meteor(tes, to c_e oxidized

,_tates observed it, the _u."f_ce " ' ........_eg_)_ .)f :ke Eart._" may be is _igh a_ 3o8 x 10_

gcm =_ (maximum. e;tim_,:e__. ,,co-.e_c_._:n._!_a,. . to i water' _e_. _ of _0 m or a .hydrogen.,

. ' _- , 3°6 " ="eClU_Va_en,. Z_MtM = _. !0 °_ _:_ :,,_ _* per' c_t of the present oceans., and b_

per' cer_t of _he u,c.peF"_!!m_ ,of _b'ie 3 T= 2¢'00 ° )o A_ _-.-of_eof _he ,_.w!datiOR ma_

h_ve taken p,iac_ ir_ iccr_t!_9 m_te"i'ai> 'd'="!_g _he p_e-;_,a_etar'v _..re_;_y p,a_eta!rly

stage, the estimate i_ doubly _n _p.peT ]m!_: bu_ m,_? t3 a c_o_e or_et _f magnitude

approach the true va].ueo

We have thu_ a !o_er !_m!t r.o the escape of hydrogep. _n _._ x _0e years as

corresponds to i_re.se_c $O)a r _iEd_ 9°0 )_: llO "_-_ of the Earth's mas_ urey (]959)

fin__ _ a water equ!_a_ent. _c,_ o_ 20 cm or a hv.,_'ogem eqb)_a]emt _I_M = !.7 × _0 TM,

I/,50 of the m_nimum -equired [o dispose of i:nj_.ctior by so_.ar w]nd_ the

figures are c_o_e e_ough, _ugge:,;T._g r.hat probably the present rate of escape

of hydrogen from Eart_ i:_ _eg!;g;b_eo

On the ot_er hand, the. i,a_e )f _i_ocia_'!or of water at a_ ear']y planetary

stage could hard!'/ _ave bee_ much diff"erent from the maximum efficiency of present-

day $o_ar rad_atioro T_e productiop o# free oxygen tha_ was reqbired for the

28
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oxidation of the Earth's crustal materiaXs must have been a s|ow process_ involving

tXme intervals of the order of 109 years° One way for this to work may have

consisted_ for example_ in conditions for maximum escape (_o8 x lO'2S_ Table 3)

prevailing for some 6 x lO le _ec or the first 2 x 109 years of the Earth's history_

after which escape of hydrogen_ as we_l as oxidation of fresh magma were great!y

slowed down. An initial period of intense plutonic activity with water vapour injected

into the thermosphere by volcanic eruptions (overcoming thus the cold trap)_ and

simultaneous exposure of abyssal magma (olivine_ per idotite) which absorbed the oxygenj

could we%1 figure a_ a working hypothe_iso _t may be s]gnWficant that radioactWve

dating has not produced terrestrial rocks older than three billion years (2°9 x _09

a_ an upper limit)_ a circumstance not i_ contradiction w!th the presumed chaotic

_tate of the Earthm_ surface durlng i_s f_r_t 1o_-2 biliion years.

(d) Venus°

The puzzle of the vlr'tual absence of water and oxygen on Venus invites

cornments from the standpoint of escape° With possibly higher stratospheric

temperatures_ water vapour could have passed the cold trap3 being then dissociated

into atomic oxygen and hydrogen in the uppermost atmosphere (F_layer and higher_

or thermosphere)= The hydrogen may have escaped more easily than from Earth_ and

|arge quantities of the oxygen may have been used up in the oxidation of the

crusty but an amount of oxygen comparable to that in the terrestrial oceans_

if not escaping, could not have been al! chemically bound at the surface without

trace; it should have left a considerable amount of free oxygen in the atmosphereo

Th]sx howeverj is not observed° The problem is thus - could the oxygen have

escaped from Venusj at least in quantities comparable to the terrestrial atmosphere_

while not escaping from Earth_ a planet of very similar size?

A higher temperature and the mechanism of ionic escape may provide the

answer° Bn accordance with the concepts of thermal balance of the uppermost
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terrestria! at_o_phere _the' "the?_o_phere" above _0 km on Earth). as worked out

by Bate_ (19_)_ equation_, for tre c_ic,_tio._ of _ c'ia_et_ry exo_=pher!c tern _,

II

._-^=r_=_ o these equati.on_perature have been set up for Mers by 0_ik ( 962c, cp. =,_,_

can be transformed to app]y to Venus° It !._ assumed t_at the u_spec!fied ,=ource

of heati_.g .of the tw_e"rr_:_p_e_e _:_ !_e.c:_.e_y l_r_.port_o__ _o the square =of

_e! ioce_tr!c d_stance_ and tE&t _he c_ief radiator ]_ CO through i_ cotatio_|

tra_ition_ the dif#e_enc_ bet_eer: _he !_pu_ from out:._ide and the _oss b !

radiatio_ to space of the. carbop_ mo_:oxide mo_ecd_e t_ transported dowr_Mard_ by

co_d_.ct_ity which dete_m!r_e_:, _b_ t_e differe_c,e o÷ temperature be?wee_ the top

of t:_e theF...nY)S_l:here('TR).,WbiC_ iS a]._c _.het ,.o_ x:he ex:o_F_e!c, bas.e_ _nd !t$

bo..*÷o_ (l_)o i_ ,._ Wer_u._ rnermo_i::he_e;, at: a time _he_, water wa_ _bu_cIB_t_ the

chief molecules must have been ._ 0._ CO.: C0_ and N_., of _h_ch C0_ mu_t have

bee_ kept do_ b? _;f+_,::Dr_ _c_d )q_,: C.0 w_,_. ,_ "-_;t:ongrad!aror. A_._o., s.tc,:,,_g

O

by on_ or two order_ o_ magnitude a )atget ctos, s _ect_o_ than that _o; COa

0

absorption _hich begins e_!:icie_t:_ ._t _7OC A_ _0 whe_ abundar_t i_ the__ caF.ab_e

of sh_e]d!ng C0_ _'eve_ti_g _*:_ dec,om_,_,_'t_a._i;O_ cou|d _o co_tr'_bute to

shie|ding (Urey !9_9) but it5 abunaanc.e in the thermosphere must be negl igib]e_

it being comp_ete_.y dissociated. The abundance of CO in the Venus thermosphere

therefore may have bee_. _ma!]_ de._pite the abundance of C0_ on the planet, and

the radiative eff]c!e_cy of the thermosphere ]o_, leading to a h!gh exospheric

tempe ratu re,

II

The equati,_n_ fo_ Venu_ can be written a_ fo_]o_s (Opik ]962c)_

- = (*o91 * 3oS 'c f)T , (44)

T = 2930 "C" =- 89o o (4_)
B
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Here T B is the temperature of the e×o_phe.ric base3 _ an auxiliary variable

proportional to a certain tnean r'ad_at!ve temperature of the thermospherej and

J the relative abundance of CO in r.he _hermo_phereo T1 = 3_3 °K wa_ assumed

as the temperature at the base o# the Venus _hermosphere (300 oK is the va_ue fop'

Earth)_ its exact va_ue _ ir_e_e'vanto The so_utions_ for different values ofj £

are contained in Table 4°

TABLE 4

Temperature (_B) of the exo_pher'!c ba_e for'Vexes as depe_di_g on the

CO-abundance _ {r,',he ther here

jc 0 oo0] Ooi

3o28 2.62 io52

T,B, o_: 8750 6820 3600

The vaIQe$ of: T B are different,ally _nked to the ter:restria'_ va_ue,

assu_d to be 20_K3 OK at J = Oo Fo, Venu_ considerably h!gher temperatures

result>in accordance with it_ _ma||er he1_ocentr!c distance_ therefore, escape

from Venus is expected to be more ;ntense than from Earth°

_n view of the great abundance of C0_ there must have beer some CO in

the Venus thermosphere_ despite _hielding and diffu_[o_ keeping _t down° As

a guess, we assume J = 0o0_ T = TB = 6820, with _ = ]6 as for oxygen,

= 9°8 km/sec at r ° = 6900 _ fo_/the neutral exospheric base (800 km above

ground ]eve]), _ = B = 13o_, X _ I% then equation (21) yields as an upper limit

dH

_----_ _ 3o_ x _0®_s
M dt - - • sec
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and for _n interval, of 4o_ :_ _0g year_ the tot_ escape of neu_ra_ 0 become_

o_ an _20 eq_Jve)eR_ of ko_ × )0 "e of the n_ass of the F]auet (co_r,_spc, nding to

47 cm of wate_)_ 6000 time_ ies_ t_aR t_e re_ative mas_, of terrestrial oceans

oF 22 _er cent of te:_re_tria+_ free oxygeno By cosmic standards this is Reg_igible_

__thouah _he r'esu +_+ i_, _erv sensitive to t_e assumed teml:e_a_e,

• --" _ ! O -"

B = 6°6% _. : 9o_ _ 'iOn.. eq_aT_o_ (:28_ yie"d_
q

i
! _ 0. o,_ _ "_0 "22

+_ . ..,

M, el':

wi+hout............... '_,_E'_:_)_ b/ ,_ ,'_ne_"!c,.... f e_,_+ c,:D¢_'e:z_o_,3_,q to _ Eot_] i re_at._'_e _oE_

_. 4o5 ,,: !u- yea '_, ,._f

a water equivalent of 4.a x !0 ''5 or !9 per cent that of terrestria} oceans# on

Ve_u_ !_ would correspond to a u_÷orm water layer of _60 metres.

With a magnetic inhib+_:_o_ _act_ of O°O4 the _elative loss becomes }ess

than 1+8 x ]0"_ 0+8 per ce_t of the relative mass of terrestr[a! oceans or

]9 metres of water ]a'y'er_ and _en tiems t_e amount ,_f atmospheric oxygen on

Ear_ho

The e_timate_ _o_ ionic e_ca_e are no_ very sensitive to temperature_

'yet +,hey seem to C,o;n_ t:o r_ !'leaSo_'ab_y' e_#;c!e_t process by which Venus may

have _os_ its residua_ oxvgen in quant_tie_ comperab_e to_ or even exceeding
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tba¢ in the terrestrial atmosphere. Most of _he oxygen, however, left behind

after the escape of i:he hydrogen must have become bound by oxidation of the

cr_st_ judging by analogy with t:he Earth (Urey 1959)., with a similar' tempo

of pluto_ic activity_ the origina] water store on Venus must have been much

smaller than on Earth and of the order of .a layer of 400 - 800 metres at most.

For ionic escape_ there m_t be available a sufficient influx of so|at

uItcavlo_et ionizing quanta w_ich should be greater than the number carried

away by _he escaping 0+ions. Accordi_ 9 T:o H!nteregger (]960), the re_eva_t

f_u._ equ_l_ Io_ .x lO 11 pr_oton_ pe:_ cm_ and _ec at t_e Earth_ of a wavelength

o

• or_er than 9%2 A_ a_ _he d!st.Bnce of Venus_ thi_ corresponds to an aver_age flux over

spherical surface equa_ to 7 x '!0zc photons cm TM sec°'Z_ in 4o5 x %09 year_ this

wou!d correspond io ionization of 2.6KI05 g/cm 2 of oxygen_ practically equa_

to the water equivaier_t of te_:re:s_r!a_ ocea_so TE!s sets anoche_ absolute upper

limit to ion,ic escape, cons!der_D!v exceed_n_ the c_Icul_ted limiting gas-kinetic

rates which_ thus_ remei_ .:_a!i_a_ actua; upper limit_o
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